An advanced technology of SHTM (Super High Temperature Treatment Method) using an induction cold crucible for the treatment of fission products generated after the reprocessing of spent fuel is proposed as the future stage of the current vitrification. Without adding any glass materials, 2 000 g of simulated fission products consisting of 23 elements, including lanthanides oxides simulating highly active nuclides and corrosion products, together with the minimum amount of reducing agent were inductively heated up to 2 000°C, followed by melting and solidification in a convergent type cold wall crucible. Internal diameter of the crucible, applied electric power and the frequency was 100 mm, less than 100 kW and 25 kHz, respectively. As a result, highly volume-reduced materials, approximately 1/20 of the current vitrification, was obtained. Platinum metal group, such as palladium and ruthenium, got together in the center and bottom of the crucible, surrounded with the titanium oxides immobilizing lanthanides elements. Validity of the process concept was confirmed experimentally.
Introduction
The development of the nuclear industry has reached a stage where reprocessing is an established technology. Vitrification, the first strategy, is considered to be the reliable method for the treatment of HLLW (High-Level Liquid Waste) to ensure safe immobilization of radio active nuclides for the final disposal into deep geological formations.
1) However, current vitrification characterized by concentration involves neither recovery of by-products nor high volume reduction.
The second strategy, which is characterized by the separation of high level actinides and long lived fission products from HLLW, followed by destruction by nuclear transmutation, has been investigated as future technologies.
2) Such a strategy would favor the recovery of potentially useful fission products, such as caesium and strontium. Platinum metal group, especially rhodium and palladium, could also be recovered. However, the second strategy, based on the wet treatment involving such as the solvent extraction, adsorption on ion exchangers, etc., inevitably leads to the increased amount of secondary wastes and high reprocessing cost.
3) Moreover, the separation procedure is different from that taking place in the Purex process (solvent extraction of uranium and plutonium from nitric acid solute of fission products), so it is difficult to include this separation technique in the current Purex process.
An advanced strategy is to have both characteristics, compatible with the current Purex process and enjoying the fruitful separation of nuclides aimed in the second strategy, together with neither generation of the increased amount of secondary wastes nor high reprocessing cost. SHTM (Super High Temperature Treatment Method) is one of the promising such strategies. 4) In this method, calcined HLLW added with minimum amount of reducing agent is heated, melted and chemically reduced, resulting in the separation of platinum metal group from oxide residue in the form of ceramics with highly reduced volume.
In SHTM, melting in a conventional furnace with high temperature wall cannot be adopted, because melting in a furnace surrounded with refractory wall inevitably leads to the generation of a fair amount of secondary wastes. An induction melting in a water cooled vessel can solve this problem. However, previous investigations using an induc-tion cold crucible for the treatment of nuclear wastes were confined in the vitrification of HLLW and volume reduction of cladding hulls. 5, 6) Application of cold crucible to SHTM has previously never been investigated.
Other applications of the straight type induction cold crucible were the continuous casting of either high melting point, highly active or high purity materials, such as titanium alloy 7, 8) or multi-crystalline photo-voltaic silicon. 9) There are a lot of parameters concerning the operation of cold crucible, such as structure of the crucible, coil arrangement, height of the dome (free surface), applied power, frequency of the field, casting velocity. A mathematical model is indispensable to the development of the cold crucible technology because the phenomena taking place are complex and the electromagnetic field is coupled with heat conduction and fluid flow. An optimal combination of the operation parameters results in the stable melting and high quality ingot. 10) Objective of the present study is to confirm the process concept of SHTM after sublimation using a cold crucible through melting, smelting reduction and group separation by the fundamental experiment of using simulated fission products. Another objective is to develop a mathematical model to obtain better understanding of SHTM by the use of experimental results.
Concept of SHTM Using Cold Crucible
Concept of the current treatment of spent fuel is shown in Fig. 1 . Spent fuel consists of a lot of elements because of nuclear fission taking place in the reactor. Their atomic numbers are 1(H), 3(Li), 4(Be), 6(C), 24(Cr)ϳ28(Ni), 30(Zn)ϳ71(Lu) and 89(Ac)ϳ. In the current treatment, nitric acid solution which are produced during the solvent extraction of uranium and plutonium in the reprocessing of spent fuels by means of Purex method are first calcined. During calcination, the solution is evaporated, concentrated and oxidized, followed by the decomposition of nitrates. Usually, it dissolves in melted borosilicate glass materials filled in a ceramic melter with resistive heating, followed by solidification in the canister vessel placed below the melter. Vitrified solid containing major fission products are scheduled to be finally disposed off into deep geology.
One of the scenarios of SHTM (scenario A) is shown in Fig. 2 . In scenario A, treatment branches off the current vitrification method after calcination. SHTM consists of the following concepts. 1) Immobilization of fission product elements in HLLW by heating at high temperature without adding any glass materials. 2) Separation of easy to sublime elements, especially the highly exothermic element caesium, by heating calcined HLLW. 3) Reduction of platinum group elements to the metals followed by their separation from the oxide residue by heating calcined HLLW in an inert gas atmosphere. 4) Solidification of the residue to highly volume reduced materials.
In scenario A of SHTM, calcined nitric acid solute is first sublimated at approximately 1 000°C. During the sublimation, metals with relatively low boiling temperature and highly exothermic elements, such as caesium and rubidium are evaporated. Then the residuals are heated approximately up to 1 600°C after the addition of the reducing agent. After chemical reaction, elements including the platinum group are reduced to metal. Alloys containing the platinum metal group elements are separated from residual oxide by certain method, using such forces as gravity, electromagnetics and interfacial tension. After this, separated alloys and oxides are solidified. Finally, highly active wastes in oxide form containing alkali earth, lanthanides, actinides, yttrium and zirconium are disposed to an absolutely isolated environment from human beings.
It is essential that the reduction takes place in a furnace producing minimum amount of secondary waste. An induction melting in a water-cooled vessel can solve this problem. An example of the melter used in SHTM is schematically shown in Fig. 3 . A water-cooled and segmented crucible made of copper is surrounded with a multi-turn induction coil. A number of insulated slits are equipped with the cold wall aligned perpendicular to the coil winding. As a result, electromagnetic field generated by the coil penetrates through the conductive wall into the fission products and reducing agent.
After fission products together with the reducing agent are supplied from the top opening into the crucible, the atmosphere of the crucible is replaced with argon gas. With an increase in power input from the coil through the cold wall permeable of electromagnetic energy to the fission products, they melt by Joule heating and some of them are reduced to metal. Group separation of fission products in SHTM is realized by the use of difference in boiling temperature, density, electric conductivity and stability in oxide form among elements.
The wall of the crucible is made of electrically conduc- tive materials, such as copper, and is cooled by water. As a result, the wall is harm free against both high temperature metal and the oxides in contact.
Experimental Method
Oxides of the simulated fission products were synthesized from the elements containing more than 1 g after burning 1 t mass of uranium through the calculation by ORIGEN2 code, assuming the released energy (burn rate) of 45 000 MW d from 1 t mass of uranium. The code is based on the energy and mass balance during nuclear fission reaction and predicts the amount of generated fission products from uranium. Corrosion products generated from the piping and tubing, such as iron, chromium and nickel were added. Those elements with atomic numbers of 37, 43, 45, 48 and 55 were not added, mainly because of the difficulty to get from the current market. Simulated fission products used in the present study are shown in Table 1 .
Experiment is confined to the radio inactive elements. Therefore, highly active actinides elements are not included and the characteristics of them would be estimated from the lanthanides elements which have the similar thermodynamic properties as actinides.
Relation between atomic number and standard free energy of oxidation of simulated fission products, including corrosion products at 2 000 K is shown in Fig. 4 . In general, actinides have lower free energy of oxidation than platinum metal group and higher than the majority of lanthanides and yttrium. The difference in thermodynamic stability of oxidation allows to separate the actinides from most of the other fission products.
A reducing agent is chosen, taking into account the following condition. 1) Reducing ability is necessary and sufficient for the separation of platinum metal group from other residual oxides. 2) Reduction takes place by adding smaller amount of reducing agent in mass and volume. 3) Solidified material after smelting reduction has absolutely small in leach rate. 4) Reducing agent is cheap and not poisonous. 5) Reducing agent is not the isotope of the fission products. 6) Reduction temperature is not so high to achieve.
In the present study titanium nitride was chosen as the reducing agent satisfying the above requirements. Silicon is also one of the possible agent.
Reaction taking place in the crucible is schematically written as follows. tained. The rest 37 mass% of material after reduction corresponds to that remains as reduction free.
In the experiment, specimen consisting of oxides shown by Table 1 added with reducing agent are to be heated and melted, resulting in the smelting reduction. However, in general, electric conductivity of oxides is too low to heat up by induction. Actually, nothing has happened when the electromagnetic field of 25 kHz was applied to the specimen contained in a crucible of 50 mm in internal diameter, made of boron nitride.
However, when the beginning of melting is achieved by the method except for induction heating, subsequent melting would be realized by induction heating, because approximately a third of the material is reduced to the electrically conductive metal, as expected by Table 2 . In the subsequent batch melting of the solidified material containing metal added with the succeeding fission products to be treated, the metal, in the first place, would be inductively heated and melted, followed by the heating up surroundings by heat conduction from the metal. Moreover, as the fission products stable as oxides are rich in lanthanides elements, the electric conductivity responsible for ion becomes relatively high with an increase in temperature. Hence, an increase in temperature of lanthanides oxides not only by the conduction through induction heating of metal but also by the induction heating of lanthanides oxides themselves would come true.
The above idea is summarized as follows. Certain criterion exists to heat up fission products by induction. Below the criterion, in order to get the melted and solidified material, fission products are to be heated except for induction. However, beyond the criterion, fission products added with the reducing agent can be heated up by induction together with the solidified material obtained by the previous operation. To confirm this idea, experiments were carried out successively step by step. Experimental apparatus corresponding to each step are schematically shown in Fig. 5 and Fig. 3 .
A crucible used in the 0-th step is a cylindrical vessel made of boron nitride, surrounded with an induction coil. This experiment is done to verify whether the induction heating of fission products is possible or not.
A crucible used in the first step is that made of boron nitride surrounded with the graphite crucible and placed in the cold crucible. In this case, graphite crucible is heated by induction, followed by conduction of heat from graphite to the fission products through the wall of boron nitride.
A crucible used in the second step is the same as that used in the first step except for the absence of graphite crucible. A crucible used in the third step is the same as that used in the second step except that the boron nitride wall is placed only on the bottom of the crucible. This means that the fission products added with the reducing agent are surrounded with the cold wall except for the bottom. A crucible used in the fourth step is the same as that of third step except that the bottom of the crucible is convergent just like a funnel and cooled by water as shown in Fig. 3 . In the fourth step, refractory is not used anywhere in the crucible.
With an increase in the amount of fission products to be treated, the crucible being used proceeds from steps first through fourth with the addition of simulated fission products to the solidified material which has been obtained in the previous step. Operation is done in argon gas atmosphere. Typical experimental condition at the fourth step is shown in Table 3 .
Experimental Results
Amount of fission products treated at each step is shown in Fig. 6 . The amount at each step means the accumulation of that treated in the previous step and the present step, i.e. the difference between the present and the former step corresponds to the amount of newly treated fission products at this step. With the progression of step, treated amount increased up to 2 000 g of simulated fission products by the cold crucible of 100 mm in diameter. Surface temperature at the third step measured by the radiation pyrometer is shown in Fig. 7 , together with the applied power. With the output power of 55 kW of generator, the amount of 1 800 g of fission products melted within 20 min at approximately 1 600°C. After melting, surface temperature increased up to 2 000°C with an in crease in applied power. Melting rate in the experiment corresponds to 52 t/year, assuming the full operation percentage. This figure approximately corresponds to the total amount of fission products after reprocessing generated from the nuclear power plant operating in Japan. Although, the process is not continuous and pre-treatment and after-treatment are to be considered in applying to the real process, several pieces of cold crucible of 100 mm in diameter and 200 mm in height is estimated as sufficient to treat the fission products generated in Japan.
Melting behavior observed from the crucible opening at the third step is shown in Fig. 8 . Foams are observed on the melt surface accompanied with the evolution of gas and spitting of the small droplet of melt. The gas may be the nitrogen produced during the reduction process. Fluid flow caused by electromagnetic stirring was not observed. However, random agitation caused by evolution of gas bubbles was observed. Dark and relatively low temperature region was observed on the center of the surface. But it disappeared with an increase in power input. In the vicinity of the cold wall, thin skull layer, thickness of which was approximately 1mm, was observed and it spread inside less than 5 mm on the surface due to the increase in heat loss.
Vertical section of the solidified and volume reduced fission products broken by an impact is shown in Fig. 9 . Diameter and height of the solidified material are 100 mm and 50 mm, respectively. There was a melt free layer surrounding the solidified material. Thickness of the melt free layer was 0.60-0.75 mm. In the middle and bottom of the solidified material, there was a metal alloy containing platinum metals surrounded with lanthanides oxide and titanium oxide. Platinum metal alloy obtained at the third step was elliptical shape of 60 mm-80 mm in diameter and 15 mm in thickness. Relation between amounts of treated fission products and the mass of separated solid of platinum metal alloy as well as the oxide surrounding the metal is shown in Fig. 10 , together with the calculated ones shown in Table 2 . They agree relatively well, indicating that the group separation proceeds as expected.
Figure11 shows the chemical analysis for the elements contained in metal and oxide after SHTM, together with the calculated ones. Lanthanides elements, such as barium, cerium and neodymium, tend to remain as oxide. Actinides elements which have the similar thermodynamic property as lanthanides elements are considered to remain also as oxide. Platinum elements including ruthenium and palladium were reduced to metal alloy containing platinum metals. Noble platinum metal alloy would be recovered to industrial use.
Discussion
A mathematical model has been developed to obtain better understanding what is happening in the crucible. We simplified the real process by the cylindrical model as shown in Fig. 12 . In the center of the model there is the cylindrical metal which is co-axially surrounded with two layers, mixture of oxide-form fission products after reaction with TiO 2 and fission products before reaction added with the reducing agent. To simplify the calculation, height of the model is infinite for the electromagnetic induction. Meanwhile, it is finite for heat conduction to take the heat loss from the top surface into consideration. The model consists of a metal Mx after reduction on the center, surrounded with the middle layer of oxide after chemical reaction, MxOϩTiO 2 , and the external layer of fission products added with the reducing agent before chemical reaction, FPϩRA.
When the electromagnetic field, the intensity of which is harmonically changing with time, is applied along the zaxis, the magnetic field satisfies Eq. 4) are determined by the boundary conditions for the electromagnetic field by applying Neumann condition on the axis (rϭ0) and Dirichlet condition on the surface (rϭr w ). On the interfaces of medium (rϭr M/O and rϭr O/FPϩRA ), continuity condition for electric and magnetic fields are used to determine the coefficients. Hence we obtain Eq. (5) Six number of equations, Eq. (5), are obtained for the same number of unknown coefficients c 1m and c 2m in Eq. (4) for the three kind of layers of the model, metal Mx after chemical reaction, oxide MxOϩTiO 2 after reduction and fission products added with the reducing agent before reduction FPϩRA. By the use of coefficients c 1m and c 2m we are able to obtain the expressions for the effective (time-averaged) magnetic field intensity, electric current and Joule heat generation.
... (6) where, subscript m stands for either Mx, MxOϩTiO 2 or FPϩRA and superscripts -and * stand for the operation of time-averaging and complex conjugate, respectively.
Joule heat generation q, temperature T and the radius of interfaces r I (IϭM/O, O/FPϩRA) are mutually coupled through the equations of electromagnetic field, heat conduction and material balance under operation parameters, such as the initial radius of the material, magnetic flux density,.. and the physical properties, such as electric conductivity, thermal conductivity,... This means that the solution for the electromagnetic field Eq. (6) is to be simultaneously obtained together with solving equations of temperature field Re( *) , Eq. (7) and material balance Eq. (8) . Here, the macroscopic field of the fluid flow is not considered because of the mixing of melt by the emission of nitrogen gas.
.... (7) represents the heat loss from the top surface. In program code, equations for electromagnetic field, temperature and mass balance in three phases are consecutively solved with the advance in time. No specific technique is used except that the grid spacing is rearranged to become narrow near the outer interface of each phase after the shift of each interface based on mass balance.
Unfortunately physical properties of the fission products are not well known. Table 4 shows the estimated physical properties of the fission products from the familiar materials. In the calculation, estimated values for thermal conductivity of Mx and MxOϩTiO 2 from the reference data are multiplied by five times due to the agitation of the melt by the emission of nitrogen gas. Thermal conductivity of FPϩRA and emissivity of the melt are considered to be the parameters of calculation which are to be determined by the comparison of specific experiment with the corresponding calculation. Emissivity was determined by adjusting the temperature of the melt surface with that observed in Fig. 7 . Thermal conductivity of FPϩRA was determined by adjusting the thickness of reaction free layer to 0.75 mm. These data are shown in Table 5 . Temperature of melt surface and the thickness of reaction free layer are not permanent and are function of the operation condition.
After the calculation parameters are determined, we consider the melting of primary of 30 mm in diameter, which was obtained by melting and solidifying the fission products through 1 st step, together with the fission products added with the reducing agent in the crucible of 3 rd step. The primary is the small amount of pre-treated fission products, MxϩMxOϩTiO 2 , and plays the igniter of the treatment. The applied electromagnetic field is 25 kHz in frequency and 0.042 T in magnetic flux density on the side surface of the model. Ambient temperature T A and height of the cylindrical model L used in temperature calculation are 30°C and 50 mm, respectively.
Calculated heat pattern with an advance in time at standard calculation condition is shown by Fig. 13 , together with the interface between metal and oxide, that of oxide and reaction free layer, and melting front. With an advance in time, temperature of the solidified metal surrounded with the solidified oxide increases significantly, followed by the spread of interface between melted oxide and the reaction free fission products. Simultaneously, melting front spreads, together with the radius of molten metal and molten oxide.
A r-t section in Fig. 13 representing interfaces between metal/oxide (M/O), oxide/fission products (O/FPϩRA) and liquid/solid are shown in Fig. 14. The interface between oxide after reaction and fission products before reaction does not reach the cold wall due to the decrease in temperature near the cold wall. Oxide layer once melted and then solidified is expected to appear adjacent to the layer of fis- Table 4 . Physical properties used in the calculation. Table 5 . Determination of calculation parameters. sion products before reaction. This layer can be called as the skull layer. Magnetic flux density and Joule heat generation at steady state are shown in Fig. 15 . Magnetic flux density dramatically decreases from the metal surface into the bulk. Meanwhile, Joule heat generation becomes large at the surfaces of metal and oxide.
Estimated relation between initial dimension of the primary and the heat pattern attained at steady state by applying the magnetic flux density of 0.042 T is shown in Fig.  16 . It is clear that the dimension of the primary is greatly responsible for the finally attained heat pattern as well as the thickness of melt free layer (temperature lower than 1 600°C). When the radius of the primary is more than 19 mm, melt zone by induction heating will spread over the whole in the crucible except in the vicinity of the cold wall. However, below this value, melt zone is restricted in a small area. This means that the lower limit for the dimension of the primary exists to realize the melting of the primary together with the fission products added with the reducing agent in a crucible surrounded with the cold wall.
Relation between the applied magnetic flux density and the heat pattern when the radius of the primary is 30 mm is shown in Fig. 17 . Below some certain value of the magnetic flux density, 0.03456 T, melting does not take place. However, beyond this value melt zone spreads over the whole area in the crucible except in the vicinity of the wall. This mean that the certain lower limit of the magnetic flux density exists which realizes the induction melting of fission products.
Beyond the critical magnetic flux density of 0.03457 T, thickness of the reaction free layer of fission products decreases with an increase in magnetic flux density. However temperature of the interface between oxide and reaction free fission products decreases. There exits an optimal intensity of the magnetic flux density sustaining high temperature of the material near the cold wall.
Conclusions
In order to remove the issues in the volume reduction and utilization of by-products in the current treatment of vitrification of spent fuel after reprocessing, an advanced method of SHTM (Super High Temperature Treatment Method) using an induction cold crucible has been proposed. As the refractory is not used in the furnace, it has an advantage that the secondary waste during the treatment can be minimized. However, the furnace used in this method is different from the conventional one because the furnace wall is cooled by water. Possibility of the treatment was confirmed experimentally and was examined by the use of mathematical model.
(1) Approximately 2 000 g amount of simulated fission products added with the reducing agent was inductively heated in an induction cold crucible of 100 mm in diameter. It melted in 20 minutes by applying 60 kW electric power of 25 kHz high frequency. Melting rate corresponds to 52 t/ year which is almost the same amount of fission products after reprocessing (after the extraction of uranium and plutonium) generated in Japan.
(2) Solidified material was separated to oxide and metal. The metal was recovered by just breaking the solidified material by an impact.
(3) A cylindrical mathematical model with three phases coupled with electromagnetic field, temperature field and mass balance predicts the presence of critical value of magnetic flux density and the initial dimension of the pre-treated fission products that triggers the whole melting of the fission products in the crucible surrounded with the cold 
